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Abstract

We present a study of the molecular gas distribution and kinematics in the cicumnuclear region (radii <2 kpc) of
the 72 0.061 quasar I Zwicky 1 using a collection of available Atacama Large Millimeter/submillimeter Array
observations of the carbon monoxide (CO) emission. With an angular resolution of ~0”36 (corresponding to
~400 pc), the host-galaxy substructures including the nuclear molecular gas disk, spiral arms, and a compact bar-
like component are resolved. We analyzed the gas kinematics based on the CO image cube and obtained the
rotation curve and radial distribution of velocity dispersion. The velocity dispersion is about 30 km s ' in the outer
CO disk region and rises up to >100kms ™' at radius <1 kpc, suggesting that the central region of the disk is
dynamically hot. We constrain the CO-to-H, conversion factor, aco, by modeling the cold gas disk dynamics. We
find that, with prior knowledge about the stellar and dark matter components, the aco value in the circumnuclear
region of this quasar host galaxy is 1.55704¢ M. (K km s !pc?)~!, which is between the value reported in
ultraluminous infrared galaxies and in the Milky Way. The central 1kpc region of this quasar host galaxy has
significant star formation activity, which can be identified as a nuclear starburst. We further investigate the high-
velocity dispersion in the central region. We find that the interstellar medium (ISM) turbulent pressure derived
from the gas velocity dispersion is in equilibrium with the weight of the ISM. This argues against extra power from
active galactic nuclei feedback that significantly affects the kinematics of the cold molecular gas.
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1. Introduction

The scaling relationships between supermassive black holes
(SMBHs) and their host galaxies suggest that their early
evolutionary progress are tightly coupled (e.g., Magorrian et al.
1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Kormendy & Ho 2013). Active galactic nuclei (AGNs)
represent the most active phase of the coevolution of SMBHs
and their host galaxies (Schawinski et al. 2007; Feruglio et al.
2010; King 2010; Rupke & Veilleux 2011; Fabian 2012;
Cicone et al. 2014; Fiore et al. 2017; Fluetsch et al. 2019). Cold
molecular gas provides fuel for both star formation and SMBH
growth (Carilli & Walter 2013; Vito et al. 2014). Studying the
distribution and kinematics of the molecular gas is therefore
crucial for understanding the physical process involved in the
coevolution between SMBHs and their host galaxies (Sanders
et al. 1991; Feruglio et al. 2010; Sturm et al. 2011).

The low-order rotational transitions of carbon monoxide (CO)
are the most common tracer for studies (e.g., Barvainis et al. 1989;
Carilli & Walter 2013; Bolatto et al. 2017; Alonso-Herrero et al.
2018; Tan et al. 2019; Molina et al. 2021; Yajima et al. 2021).
Massive molecular outflows reported in previous CO observations
of AGN host galaxies have been considered as evidence of

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
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of the work, journal citation and DOI.

negative AGN feedback, which expels gas and dust from the host
galaxy (Haan et al. 2009; Feruglio et al. 2010; Cicone et al. 2014;
Morganti et al. 2015). However, recent studies with large samples
of optically selected quasars suggest that their host galaxies are
falling on, and even above, the main sequence of star-forming
galaxies, with the host-galaxy star formation rate (SFR) and
SMBH accretion rate being tightly correlated (e.g., Mullaney et al.
2012; Chen et al. 2013; Lanzuisi et al. 2017; Zhuang et al. 2021).
From an observational point of view, the impact of AGN feedback
on host-galaxy evolution is still under debate, and it is necessary to
study the physical processes embedded in AGN host galaxies that
govern the coevolution between SMBHs and host galaxies.

Quasars, as the most luminous population of AGNss, are ideal
targets for studying the impact of AGN feedback. Shangguan
et al. (2020a) observed the CO(2-1) line emission from a
sample of 23 z<0.1 Palomar-Green (PG; Schmidt &
Green 1983) quasars using the Atacama Compact (Morita)
Array (ACA). Molina et al. (2021) provided follow-up
Atacama Large Millimeter/submillimeter Array (ALMA)
observations of six PG quasars at ~kiloparsec-scale resolution
to study the distribution and kinematics of molecular gas in
their host galaxies. Their results suggest that quasar hosts and
inactive star-forming galaxies have similar gas fractions
(Shangguan et al. 2020a) but are more centrally concentrated
(Molina et al. 2021); luminous quasars do not efficiently
remove cold gas from the host galaxy.

Accurate measurements of the cold gas mass are key to
understand the interstellar medium (ISM) evolution in quasar
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Table 1
ALMA CO(2-1) Observations of I Zw 1
Project Date of Observational Configuration Antenna On-target References
Code Observation Band Number Time
(s)
@) @ 3 ®) ©) )
2017.1.00297.S Nov. 2017 Band 6 11 8991 Shangguan et al. (2020a)
2018.1.00006.S Nov. 2018 Band 6 C43-5 44 699 Molina et al. (2021)
2018.1.00699.S Oct. 2018 Band 6 C43-5 45 2992 Lamperti et al. (2022)

Note. (1) The project code of ALMA observations. (2) The date of ALMA observations. (3) The ALMA band used during the observation. (4) The configuration of
ALMA during the observation. (5) The number of antennas that are used during the observation. (6) The total on-target time of observation. (7) Papers that first report

the observation.

host galaxies. The molecular gas masses are mainly measured
by using the line luminosities of the low-J CO transitions based
on assumptions of the CO(1-0) luminosity-to-mass conversion
factor, Qco, i.e., ]‘41.[2 = O‘COL/COU*O)' A Mlllky Way—like
value of 3.1 (Sandstrom et al. 2013) is usually assumed for
local Seyferts and quasars that are hosted in spiral galaxies
(Evans et al. 2006; Shangguan et al. 2020a; Koss et al. 2021),
while the ultraluminous infrared galaxy (ULIRG)-like value of
aco = 0.8 M, (K km s~! pc?)~!(Downes & Solomon 1998) is
also considered for AGNs that are hosted in starburst systems
(Xia et al. 2012). Studies of star-forming galaxies from local to
high-z suggest that the aco factor varies over a wide range
(Solomon et al. 1987; Lombardi et al. 2006; Narayanan et al.
2011; Papadopoulos et al. 2012; Sandstrom et al. 2013) and
depends on the metallicity of the ISM (Israel 1997; Wolfire
et al. 2010; Leroy et al. 2011). However, there are as yet few
direct measurements of aco in quasar host galaxies (Shang-
guan et al. 2020a).

High-resolution molecular CO line imaging with ALMA
opens a unique opportunity to measure the gas dynamics in
nearby quasar host galaxies (e.g., Tan et al. 2019). The rotation
curve traced by the CO line velocity field constrains the
dynamical mass of the host galaxy, allowing a detailed study of
the mass budget from the gas and stellar content and providing
an independent way to measure the aco factor. In this work, we
present a case study of the quasar I Zwicky 1 (hereafter [ Zw 1).
The CO(2-1) emission from its host galaxy was observed by
ALMA at ~400 pc scale, the highest spatial resolution (by a
factor of ~2-3) among the six objects presented in Molina
et al. (2021), which allows us to resolve the gas content in the
central few kiloparsecs region. The high-resolution data allows
the possibility of dynamical analysis, which is widely used in
investigating the accurate mass-to-light ratio in galaxies (e.g.,
de Blok et al. 2008).

IZw 1 possesses one of the most complete sets of multi-
wavelength spectral energy distribution (SED) data coverage
(Phillips 1976; Barvainis & Antonucci 1989; Gallo et al. 2004;
Bruhweiler & Verner 2008; Silva et al. 2018; Lyu et al. 2019).
Spectroscopic observations indicate that it is a narrow-line
Seyfert 1 system with FWHMy;=1400kms ' (Oster-
brock 1977), and a black hole mass of 9.307]2% x 10°M,,
given by reverberation mapping (Huang et al. 2019). With a
bolometric luminosity of Lyq =3 X 10% erg sl IZwl is
quantified as a super-Eddington source with A\gqq = 2.58. Long-
term X-ray monitoring indicates the existence of an ultrafast
outflow in the nucleus of IZw 1 (Ding et al. 2022). Detailed
morphological analysis based on Hubble Space Telescope
(HST) 0”1 resolution imaging showed a prominent pseudo-

bulge (Sérsic index n = 1.69, effective radius r,~ 1.6 kpc),
and a relatively faint and extended disk (Zhao et al. 2021). The
pseudo-bulge implies a black hole to bulge mass of ~10~%,
smaller than that of classical bulges and elliptical galaxies by a
factor of 50 (Huang et al. 2019). The SED decomposition
analysis yields a far-infrared (FIR) luminosity of
log Lrr/Le = 11.94 + 0.30 (Shangguan et al. 2018), in the
range of luminous infrared galaxies (LIRGs). The star
formation activity distribution was confirmed with newly
developed integrated field unit (IFU) observations (Perna
et al. 2021; Lamperti et al. 2022; Molina et al. 2022). The
significant star formation activity has also been confirmed by a
combination of optical and submillimeter observations (Molina
et al. 2023). Previous IRAM and ALMA observations have
already suggested that IZw 1 has a rich molecular gas
reservoir, mainly concentrated in its circumnuclear zone
(Barvainis et al. 1989; Eckart et al. 1994; Schinnerer et al.
1998; Tan et al. 2019).

This paper is organized as follows. In Section 2 we present
the available ALMA archival data of CO(1-0) and CO(2-1)
observations and describe the data reduction. In Section 3 we
model the molecular gas distribution and kinematics. In
Section 4, we model the gas dynamics and estimate the mass
of each component, with prior knowledge of stellar distribution
and dark matter halo properties. In Section 5 we discuss the CO
emission-line ratios and the SFR surface densities, and
investigate whether we detect significant AGN feedback. We
summarize in Section 6. For standard cosmological parameters
of 9,,=0.308, Q,=0.692, and Hy=67.8kms ' Mpc™'
(Planck Collaboration et al. 2016), a redshift of z=0.06115
corresponds to a luminosity distance of 283 Mpc.

2. CO Data of 1Zw 1

We collect available observations of the CO(2-1) line
emission of IZw 1 from the ALMA archive. The final data are
combined from three ALMA programs, 2017.1.00297.S,
2018.1.00006.S (PI: Franz Bauer), and 2018.1.00699.S (PI:
Pereira Santaella; Shangguan et al. 2020a; Molina et al. 2021;
Lamperti et al. 2022). The first observation is our ACA survey,
with 2.5 hr on-source integration time and an angular resolution
of 7" (Shangguan et al. 2020a). The second observation is our
follow-up high-angular-resolution observation, with about 11
minutes on-source time and an angular resolution of 074
(Molina et al. 2021). The third observation is a part of the
Physics of ULIRGs with MUSE and ALMA (PUMA; Lamperti
et al. 2022) project, with 50 minutes on-source time and an
angular resolution of 073. We list the details of these
observations in Table 1.
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Figure 1. Comparison between the observed and modeled intensity maps of the CO(2—1) line emission. Contour levels in each panel correspond to [—1, 1, 2, 4, 8, 16,
32] x 30, where o is the rms, with the value of 0.043 Jy beam ' kms~'. Panels (a) and (b) represent the velocity-integrated map of the data and the model,
respectively. Panel (c) represents the residuals between the data and the model. The north and east directions are shown as arrows at the lower-right corner in panel (a).

The synthesized beam (0”36 x 0732) is plotted at the bottom-left corner of each panel.

We use the Common Astronomy Software Application
(CASA) version 5.6.1 (McMullin et al. 2007) to reduce the
ALMA observation data. All of these observations are
concatenated with the CASA task concat. The continuum
data are fitted and subtracted with the CASA task uvcont-
sub. We then imaged and cleaned the line data cube and
continuum data with Briggs weighting (robustness para-
meter = 0.5) and a stop threshold 2.5 times the rms of the
off-source channels. For the CO(2-1) emission line we set a
channel resolution of 7.812MHz, which corresponds to
~11kms ' at z=0.061. We set gridder = mosaic during
tclean, and employ the auto-multithresh masking
procedure (McMullin et al. 2007). We set the noise, sidelobe,
and low-noise thresholds as 4.25, 2.0, and 1.5 as recommended
by CASA guidelines.® The other additional parameters were
not modified. Finally, we obtain a CO(2-1) data cube with a
synthesized beam size of 0736 x 0”32, and a typical channel
rms noise of 0.28 mJybeam '. We derive the velocity-
integrated flux map, intensity-weighted velocity, and velocity
dispersion maps using the CASA task immoments. The beam
size of the 1.3 mm continuum is 0731 x 0728, and the rms of
the continuum map is 0.012 mJy beam .

We also investigate the surface density distribution of the
CO(1-0) emission line, in order to image the CO(2-1)/CO
(1-0) emission-line ratio of this target. We build the ALMA
CO(1-0) data, which is adapted from the ALMA program
2015.1.01147.S (Tan et al. 2019). We reduce the data
following the procedure described previously. The beam size
of the CO(1-0) data is 0762 x 0757.

3. Results and Analysis
3.1. Distribution of the Molecular Gas

We present the velocity-integrated intensity map in
Figure 1(a). The CO(2-1) line emission in IZw 1 traces a disk
with a diameter of ~5 kpc, which is consistent with the source

8 hitps:/ /casaguides.nrao.edu/index.php/Automasking_Guide

size of the CO(1-0) line emission (Tan et al. 2019). In
Figure 1(a), we note that the central contours (above 240) are
elongated along the northeast—southwest direction while the
outer, lower-surface-brightness region has a different major
axis position angle. This indicates that the molecular gas disk
can be described morphologically by two components, one
extremely compact bar-like structure, that extends up to ~ lkpc
with a position angle of ~30° and a well-resolved extended
circumnuclear disk (CND). Such elongated structure could also
be a massive bipolar gas outflow; however, further kinematic
analysis does not show evidence of any noncircular motions
(Section 3.2). The large intensity gradient in the nucleus also
implies that the CO emission may also exhibit a central
compact core component unresolved by ALMA.

The complex molecular gas distribution described above can
be well described by fitting the CO(2-1) line-intensity map
with three components: two Sérsic (Sérsic 1963) components
for the extended emission (Equation (1)) and one Gaussian
component for the unresolved core (Equation (2)):

1/n
L) = Ieexp{—bnl(i) - 1]} (1)
re

2
I(r) = Ig exp {—2'"72} @)

where [, is the surface brightness measured at r,, the effective
radius, n is the Sérsic index, and b,, is the numerical coefficient
that ensures r, corresponds to the half-light radius (Sérsic 1963).
We use these two Sérsic profiles to describe the bar-like
structure and disk component, respectively, and use the
Gaussian profile to describe the central compact core. We
built this three-component model with Astropy (Astropy
Collaboration et al. 2013), which is then convolved with the
observation synthesized beam to produce the model of the
observed line-intensity map. The three-component model
contains 16 free parameters, including /,, r,, n, minor-to-major
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Table 2
Fitting Parameters of CO(2-1) Intensity Map
1, R, n b/a o
(Jy beam ' km s~ ") @) ©
1 @) (3) ) )
CND 0.44+39! 1304091 0.48*591 0.80+39! 14190794
Bar 2374008 050798! 0307938 032498 33.65°91)
I FWHMy,, FWHM,,,i, b6
(Jy beam ' km s~ ") (mas) (mas) ©)
(6) @) ®) )
Core 29.901973 221.35459! 122.45%09! 1659412

Note. (1) Intensity at effective radius. (2) Effective radius. (3) Sérsic index. (4) The minor-to-major axis ratio. (5) Position angle of the major axis. North = 0°,
east = 90°. (6) Amplitude of the Gaussian function. (7) and (8) FWHM of the major and minor axes. (9) The position angle of the major axis of the Gaussian

component.

axis ratio (b/a), position angle (¢) for each of the two Sérsic
components, Gaussian amplitude (I;), FWHM along the major
and minor axes (FWHM,, FWHM,), position angle of the
major axis (¢g) for the Gaussian component, and the center
location (xg, yo) that is shared with all three components.

To find the best-fitting model we use the Python package
emcee (Foreman-Mackey et al. 2013). The emcee package
implements the affine-invariant ensemble sampler for the
Markov Chain Monte Carlo (MCMC) sampling method to
sample the posterior probability distribution function. We
optimize the log-likelihood function:

1 N (Zi_Z'm 2
logl = —— = -
sr=—1y| S

i i

+ InQ27wo?) |, 3)

where z; denotes the surface brightness at each pixel, o; is the
1o noise, and z;" corresponds to the model value at the same
pixel. The best-fitting model along with residuals are shown in
Figure 1, and the best-fitting parameters are presented in
Table 2.

With the assumption that the CND and stellar disk are
coplanar, we estimate the inclination angle of the disk
following the formula in Hubble (1926):

b/a)? — q;
1 — q02

2

cos“i = R 4)
where ¢ is the intrinsic galaxy thickness, and b/a is the minor-
to-major axis of the CND. We assume g,=0.14 for the
molecular gas disk, which is similar to that reported for edge-
on galaxies at low redshifts (Mosenkov et al. 2015). We obtain
a host-galaxy inclination i = 38°.

From Figure 1, we can see that our model presents a
reasonable description of the gas distribution in the circum-
nuclear scale. The residuals are likely to be produced by
partially resolved out spiral arms, as can be seen at the
southwest edge.

3.2. ?PBarolo Fitting

The intensity-weighted velocity and velocity dispersion
maps of the CO(2-1) line emission are shown in panels (a)
and panel (d) in Figure 2. As discussed in Molina et al. (2021),
the gas velocity field is dominated by circular rotation. The
velocity dispersion in the outer region is almost constant

(~30 km sfl) with small variations along the radius, while in
the inner 1kpc region the velocity dispersion rises up to
100kms ™.

Assuming that the noncircular motions are negligible, we fit
the velocity field with a tilted-ring model (Rogstad et al. 1974).
The rotating disk is decomposed into a series of thin rings, and
the kinematic properties of each ring can be described by seven
parameters:

1. (xo, yo): the sky coordinates of the ring center.

2. Vi the systematic velocity of the center of the ring
related to the observer.

3. Vio(R): the rotation velocity of the ring.

4. o: the velocity dispersion of the ring.

5. ¢(R): the position angle of the kinematic major axis on
the receding half of the galaxy, with respect to the north
direction.

6. i(R): the inclination angle between the normal to the ring
and the line of sight; Inc. = 0° represents a face-on disk.

7. zo: the scale height of the gas layer.

The line-of-sight velocity field [V}ys(x, y)] that we observed
is related to the above parameters:

Vios(x, y) = Vsys + Vot (R)sini(R)cos

—(x — xp)sing + (y — yp)cos ¢
R 9

cosf =

where R is the radius of each ring.

In order to obtain the intrinsic kinematics of the molecular
gas in this galaxy, we model the ALMA data cube using 3D-
Based Analysis of Rotating Objects from Line Observations
(3DBarolo, version 1.6; Di Teodoro & Fraternali 2015).
*PBarolo fits the three dimensions of the data cubes with a
tilted-ring model. By directly modeling the data cube instead of
the 2D velocity map, it fully accounts for the beam-smearing
effect, providing a reasonable model of the intrinsic circular
velocity and velocity dispersion field for circular rotating
systems (see Di Teodoro & Fraternali 2015 for more details).

We fit the gas kinematics with *“Barolo in two steps
following the procedure described in Alonso-Herrero et al.
(2018), but with some revisions. In the first step, we set the
galaxy center (xo, o), systematic velocity Vy, rotation velocity
V.ot Velocity dispersion o, position angle ¢, inclination i, and
disk height zo parameters to be free. We adopt a ring width of
0”1 in the fitting, roughly one-third of the beam size. Initial
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Figure 2. The results of *PBarolo fitting. Panels (a) and (b) represent the line-of-sight velocity map of the CO(2—1) data and the best-fitting model given by **Barolo.
Panel (c) represents the residual between the observation and the model. Panels (d) and (e) represent the velocity dispersion of the data and the *°Barolo model. Panel
(f) represents the residual of the velocity dispersion map. Contours in panels (a) and (b) start from —200 km s~ and are in steps of 40 km s~ '. Contours in panels (d)
and (e) are from 5 km s~' and in steps of 40 km s~'. Contours in residual maps range from —50 to 50 km s~ ' and are in steps of 20 km s~ '. The white star in each
subpanel indicates the kinematics center. The dashed—dotted and dotted lines represent the major and minor kinematic axes.

guesses for the position angle and inclination are adopted from
the morphological model results (¢ =142° and i=38°
Section 3.1). Initial guesses for the kinematic center are set
to be the same as the morphological center. We find that the
output kinematic centers of each ring from this initial center are
almost constant along the CND, in radii between 0.8 and
2.1 kpc. However, the fitting kinematic centers of the inner and
outer rings show large scatter and uncertainties, which is
possibly due to the limited resolution, poor sampling, and
complex dynamics caused by the compact, central bar-like
structure and possible companion interaction in the outer region
(Shangguan et al. 2020a). Other fitting parameters, such as Vs,
are almost constant within the CND. During the second fitting
step, we fix the kinematic center and systematic velocity to the
mean values over CND scale that are obtained from the first
fitting step, then to fit the rotation velocities, velocity
dispersions, position angles, and inclination angles for each
ring. The *PBarolo best-fitting results are shown in Figure 3.

The 3D model successfully describes the CND cold gas
kinematics, with rms model residuals ~20 kms~! and ~10
kms~' for the rotation velocity and velocity dispersion fields,
respectively. The latter is comparable to the velocity resolution
of the observation.

3.3. Global Kinematics

In panels (a) and (b) of Figure 3 we show the velocity and
angle radial profiles derived by *’Barolo. The rotation velocity
rises to the flattened part at ~0.8 kpc, with a value of
~270kms ™', and slightly increases toward a larger radius in
the spiral arm region (r > 2.1 kpc). In this region, the velocity
dispersion is ~30km s, which indicates a cold gas disk with
V/o=~9.

The velocity dispersion profile increases from 30km s~ at
~0.8kpc to 100kms™" at ~0.3kpc. A similar high central
velocity dispersion was also reported in previous work Molina

1
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Figure 3. The rotation velocity, velocity dispersion, inclination angle, and kinematic position angle derived from 3PRarolo fitting to the CO(2-1) data. Panel (a)
represents the rotation velocities (blue points) and velocity dispersions (green points) as a function of radius. Red points represent the rotation velocities extracted from
the CO(1-0) data at a resolution of ~600 pc for comparison. Panel (b) represents the position angle of the kinematic major axis (purple points) and the inclination
angle (orange points) as a function of radius. The uncertainties of parameters are shown as colored shades. The blue and red vertical shaded region represents the beam

size of the observation for the CO(2-1) and CO(1-0) observations.

et al. (2021), and was found in other galaxies (e.g., Romeo &
Fathi 2015). This enhanced velocity dispersion in the central
region is not likely to be spurious due to the beam-smearing
effect as *PBarolo is designed to take this into account (Di
Teodoro & Fraternali 2015). To further check this, we build a
mock disk model, adopting an intrinsic rotation curve of [Zw 1
and a constant velocity dispersion of ¢ =30 km s at all radii.
We set the inclination angle and position angle equal to 41° and
130°, which are the same as those in IZw 1. We then simulate
the ALMA observational data cube in CASA using the
simobserve task and fit the mock data cube with *®Barolo.
Through our simulated data, we find that the beam-smearing
effect can only increase the velocity dispersion value by a
factor of ~1.3, insufficient to account for the observational
increase of a factor of ~4. Thus, we conclude that the velocity
dispersion is intrinsically high in the center region (see detailed
discussion in Appendix A). We investigate the origin of such
high-velocity dispersion in Section 5.3.

Naturally, *’Barolo poorly fits the data cube in the zones
where the inner spiral arms are present, but those regions
display significant noncircular motions reflecting the local
perturbation of the gravitational potential field. Additional
kinematic components may be included for a more accurate
model for those regions. Molina et al. (2021) investigated the
noncircular motion of the CO(2-1) line velocity field of this
object with KINEMETRY (Krajnovi¢ et al. 2006), finding that
noncircular motions are negligible. However, the compact bar-
like structure presented in our morphological analysis could
still introduce noncircular components in the velocity field of
the very central region (<1 kpc), which requires higher-
resolution observations to fully resolve the bar-like structure
kinematics.

3.4. Continuum

Figure 4 shows the 1.3 mm map of this galaxy. Although the
size of the continuum map is more compact than that of the
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Figure 4. The 1.3 mm continuum map of the I Zw 1 host galaxy. The contour
levels correspond to [—1, 1, 2, 4, 8, 16, 32] x 30, where o =0.012
mJy beam ™', The synthesized beam (0”31 x 0728) is plotted at the lower-
left corner.

4.8

CO(2-1) line-emitting region, we still can see the structure
which is elongated in a northeast-to-southwest direction. The
continuum source has a position angle similar to that of the
molecular bar-like structure. The total flux density within the
30 “contour” region is 1.1 & 0.1 mJy, which covers 73% of the
continuum flux density obtained from the previous ACA
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observation and 34% of the continuum flux density from global
FIR SED-fitting prediction (Shangguan et al. 2018, 2020a).
We fit the size of the continuum using the imfit task in
CASA, which performs synthesized beam deconvolution and
2D Gaussian fitting to the images. The resulting deconvolved
FWHM of the major and minor axes sizes are 07174 + 07014
and 07100407017, corresponding to (0.21 £ 0.02)x
(0.02 £ 0.01) kpc?, with a position angle of 23%5 + 9°9.

4. Dynamical Modeling and the CO-to-H, Conversion
Factor

The rotation curve modeled with *®Barolo provides an
independent constraint on the mass distribution within the CO
line-emitting region. In this section, we fit the rotation curve
with a multicomponent dynamical model to investigate the
mass budget of the stellar, molecular gas, and dark matter halo.
In particular, with knowledge of the dynamical mass measured
with the rotation curve and the stellar mass from HST images
(Zhao et al. 2021), we can constrain the mass of the molecular
gas and estimate the CO-to-H, conversion factor, aco.

Here we model the gas dynamics and fit it to the rotation
curve derived from *Barolo within the 0.4 ~ 2.1 kpc radial
zone (Figure 3). The inner and outer regions are not considered
in the fitting due to the large uncertainties and possible effects
from asymmetric structure/spiral arms, discussed in
Section 3.3. During the fitting procedure, we assume that the
rotation velocity is mainly contributed by four components: the
stellar bulge, stellar disk, molecular gas disk, and dark matter
halo. We neglect the HI gas component as it is usually much
more extended than stars and molecular gas, and thus it only
dominates the gas mass on a larger scale (Walter et al. 2008;
Wang et al. 2016). We also do not consider the contribution
from the SMBH, which has a mass of 9.307]3 x 10° M,
(Huang et al. 2019) and has a negligible contribution to the
rotation velocity on kiloparsec scales. Thus, the total rotation
velocity is calculated as follows:

2 _y2 2 2 2
Vcirc,tot - Vbulge + Vdisk + VDM + Vgas’

where Vpuige, Vaisk, VoM, and Vi, are the circular velocities
contributed by the stellar bulge, stellar disk, dark matter halo,
and molecular gas, respectively.

4.1. Circular Velocities

For the spherical stellar bulge component, we adopt the
deprojected symmetric 3D model from Prugniel & Simien
(1997):

p(r) = pr-"exp(=b,r'/"), )
where a can be estimated as a=1— 1.188/2n + 0.22/4n”
(see Equation (B7) in Prugniel & Simien 1997). A traditional
2D Sérsic profile can be well reproduced by integrating the

spatial densities along the line of sight. The circular velocity
contributed by the stellar bulge can be written as

Vbulge(r)2 = M,
MO 7[”(3 7 p)’ bxl/n]
I'[n3 - p)l

where r is the spatial radius, and M, is the total stellar mass of
the bulge. I' and v are gamma and incomplete gamma

M(@r) =

Fei et al.

functions, x=r/r, is the reduced radius. When the Sérsic
index and radius satisfy the relation 0.6 <n <10 and
1072 <rfr, < 103, the value of p can be computed as
p=1.0-0.6097/n+ 0.05563 /n* (Prugniel & Simien 1997).
Three parameters are used to describe the bulge mass
distribution: the total mass M,, the effective radius r,,, and
the Sérsic index n.

For the disk component, we use the traditional exponential
thin disk model, adopted from Binney & Tremaine (2008):

Viisk () = 471G ZoRay* I (1) Ko (y) — h()Ki(D)],

where $ = M,/2nr2, is the surface density, Ry=r,/1.68,
and y =r/2R,. Here, M; and r, 4 are the stellar disk mass and
the disk effective radius. I; and K; are Bessel functions.
Considering that the main purpose of our study is to constrain
the mass component decomposition, we constrain the r,; and
req from Zhao et al. (2021). Both parameters have Gaussian
priors, with a typical standard deviation of 0.05. The Sérsic
index for the stellar disk is fixed to 1.

For the dark matter component, we adopt a simulation-
motivated Navarro—Frenk—White (NFW; Navarro et al. 1996)
model, and the circular velocity can be calculated by

[VDM(V) ]2 _ In{l + ex) — (ex)/(1 + cx)
Vie | x In(l+¢) —c/(1+0)

where x = r/ry; is the radius in units of virial radius, V.4 is the
virial velocity, and c is the halo concentration (see Navarro et al.
1996 for more details). Considering that our rotation curve only
traces the nuclear region, where the contribution from dark matter
is minor and cannot be well constrained, we let the dark matter
parameters satisfy some empirical correlations from numerical
simulations. The stellar mass fractions satisfies —2.3 <
log(My/M,) < —1.3 for halo mass ranges between 10! M., and
10" M., (Behroozi et al. 2010). The concentration follows the
function logc = a + blog(M/102h~'M_), and we assume an
intrinsic standard deviation of 0.1 dex (Dutton & Maccio 2014).
Other dark matter profiles (e.g., Burkert 1995) are not considered
here as the fitting is not sensitive to different assumptions of dark
matter profiles.

We calculate Vg, for the molecular gas component
following Equation (10) in Noordermeer (2008), which derived
the rotation curve for an axisymmetric bulge with arbitrary
flattening. In this model, the mass density can be written as
p=p(m), with m = x> + y2 + (z/q)*, and q is the intrinsic
axis ratio of the bulge isodensity surfaces (Noordermeer 2008).
The models in Noordermeer (2008) have four parameters: the
surface density of the gas X, the effective radius r, o, the Sérsic
index n,, and the intrinsic axis ratio g. Since we know the
surface brightness of CO emission from our ALMA observa-
tion, we can directly convert the CO line surface brightness to
molecular gas surface density with aco. We adopt an intrinsic
axis ratio of ¢ =H/r,=0.15 during fitting, by assuming a
scale height of the molecular gas disk H~ 150pc and
r.~ 1 kpc from previous studies of gas-rich systems (Wilson
et al. 2019; Molina et al. 2021). Based on the line ratio
distribution from Figure 6, we adopt R,; = 0.9 for the central
region and R,; =0.6 for the outer region (R > 0.8kpc) to
convert the CO(2-1) line intensity to the CO(1-0) line.
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Table 3
Constraints and Results of Dynamical Parameters
log M Tep n log My Ted logf, loge * aco
M) (kpe) M) (kpo) M (K km s~ 'pc?)~!
(6] (@) 3 “ (&) © ) ®
Prior 9.5, 12.5) 1.62 £+ 0.05 1.69 £ 0.05 9.1, 12.1) 10.97 £ 0.50 (—2.25, —1.30) 0.52, 1.12) (0, 20)
Posterior 10.707998 1617982 1704092 1046799 1100494 —1.74%0% 0.83793% 155704

Notes. (1) The stellar bulge mass. (2) The effective radius of the stellar bulge. (3) The Sérsic index of the stellar bulge. (4) The mass of the stellar disk. (5) The
effective radius of the stellar disk. (6) The stellar-to-dark matter mass ratio fy, = M, /M), where M, is the total stellar mass and M), is the dark matter halo mass. (7)
The concentration of the dark matter halo. (8) The CO-to-H, conversion factor. The uniform prior limits of the parameters are denoted as “(lower, upper).” The
Gaussian priors of the parameters are denoted as ;o £ o. In our MCMC fitting, we set Gaussian priors for r, 4, n, and r, 4, from Zhao et al. (2021). We set upper and
lower limits for My, My, fi, and ¢ from the literature (Behroozi et al. 2010; Dutton & Maccio, 2014; Zhao et al. 2021).

 Dutton & Macciod (2014) suggested a relationship between dark matter halo concentration and dark matter halo mass from numerical simulations, with an uncertainty
of ~0.1 dex. Here we adopt this simulation-driven concentration value cg, as the prior knowledge in our dynamical analysis.

4.2. Asymmetric Drift Correction

The ISM pressure gradients can also provide support to the
gas against galaxy self-gravity. This effect needs to be
considered and corrected for the rotation curve (asymmetric
drift correction; Burkert et al. 2010; Lang et al. 2017) as

2
Vr%)t = ‘/L%l‘C,tOt + l d(po )’
p dlnr
where V. is the circular velocity derived from the mass
model, V,,, is the observed rotation velocity, and the rightmost
term models the effect of asymmetric drift, making Vo < Viire-
In this term, o is the isotropic velocity dispersion, p is the gas
density, and r is the galactic-to-center radius. Traditionally, o is
assumed to be a constant during the application of this
asymmetric drift correction (e.g., Burkert et al. 2010), however
we find that in this galaxy o is not constant along the radius
(Section 3.2), which means that we cannot directly use this
formula.

Considering this, we recalculate the asymmetric drift
correction with our assumption of vertical hydrostatic equili-
brium of the molecular gas:

Pism =W,

where Pigyv X pz72 is the ISM turbulent pressure. This
assumption is further confirmed in Section 5.3. We find that
the asymmetric drift correction can be written as

A% | L dinN
dinr dinr

Vrot(r)2 = circ,tot("')2 +o (6)
where X, is the gas surface density and Y, is the surface
density of the total disk, including gas and the stellar
component. Since ¢ has been provided by our **Barolo fitting,
and X, and ¥, can be derived from aco and stellar mass
during the fitting, we can constrain these parameters with our
dynamical model. Although h, remains uncertain, we find the
variation of this parameter does not affect the asymmetric drift
correction significantly, so we assume a constant value of
150 pc. We also note that when gravity is dominated by gas or
stars, Equation (6) reduces to its traditional form in Burkert
et al. (2010).

In general, we have eight free parameters in our fitting: the
masses of the stellar bulge and stellar disk, the Sérsic index of
the stellar bulge, the effective radii of the stellar bulge and the

stellar disk, the dark matter halo mass and concentration, and
the CO-to-H, conversion factor.

We use emcee to determine the best-fit values. In order to
minimize the free parameters and avoid degeneracy, we set
prior constraints following the available stellar galaxy morph-
ology models for the host galaxy, as well as the relation
between the dark matter halo and stellar mass content. We set
Gaussian priors for the effective radius of the stellar bulge and
stellar disk, and the Sérsic index of the bulge following the
fitting results and uncertainties from B- and /-band HST image
modeling (Zhao et al. 2021). The prior constraints and posterior
derived values are listed in Table 3.

4.3. Best-fit Dynamical Modeling and Results

We start the MCMC sampling by using 400 walkers, with
1000 steps after a burn-in of 400 steps. We then adopt the 50th
percentile of samples as the best-fit values, and estimate
uncertainties using the 16th and 84th percentiles of the
samples. The best-fit results and the posterior distribution of
bulge mass, disk mass, and aco are shown as Figure 5.

We find that the geometry parameters (effective radius and
Sérsic index) are the same as their prior constraints, which
suggests that the rotation curve cannot provide enough
information to determine all of the parameters. We still use
these prior constraints rather than fix them in order to take into
account the uncertainties of these parameters from Zhao et al.
(2021). We find that the masses of the stellar bulge and stellar
disk are consistent with those in Zhao et al. (2021), while the
stellar disk mass has quite large uncertainty. Such large
uncertainties are also found in the posterior distribution of the
stellar fraction and concentration parameters of the dark matter
halo. The large uncertainties imply that they are hardly
constrained in our dynamical model; the gravitational potential
of the region traced by CO(2-1) is dominated by the stellar
bulge and molecular gas. Other components only have minor
contributions, and the fitting results are heavily affected by the
uncertainties of the stellar bulge and molecular gas masses. We
also test the fitting results with different initial setups, and, in
most cases, the posterior probability distributions are consistent
with each other (see more details in Appendix B).

We derive aco = 1.557049 M, (Kkm s~ !pc?)~! from our
dynamical method. This value is between the Milky Way
(MW)-like (cco ~ 4.3 My (K km s~ pc?)~!) and ULIRG-like
(aco =~ 0.8 Mo, (K km s~ pc?)~! values; Downes & Solomon
1998; Bolatto et al. 2013). This value is ~2 times smaller than
that in nearby star-forming galaxies (Sandstrom et al. 2013).
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Figure 5. Left: derived rotation curve from *’Barolo and from the best-fitting result. The blue line represents the rotation curve derived from > Barolo and its
surrounding blue shaded region represents the uncertainties. The black solid line shows the rotation curve of the stellar bulge and the dashed—dotted line shows the
rotation curve of the molecular gas. The dashed line shows the rotation curve of the stellar disk. The dotted line shows the rotation curve of dark matter. The thick red
solid line represents the result of the best-fit model rotation velocity. The vertical gray shaded region represents the region within the central synthesized beam area in
which the data points are not used in the fitting. Right: the posterior distribution of the stellar bulge mass, stellar disk mass, and the CO-to-H, conversion factor. The
vertical and horizontal dashed lines represent the mean value of each parameter, which are adopted as the best-fitting values and are listed in Table 3. The stellar disk
mass is poorly constrained, as its contribution is minor in the nuclear region and therefore is heavily degenerate with the stellar bulge component.

The aco value we derived here is only valid within the ~2 kpc
region of the quasar host galaxy, where the high gas surface
density and SFR surface density suggest a nuclear starburst
(see Section 5.2). The current CO(2-1) data cannot trace
the molecular gas in the extended galactic disk and spiral
arm region, where a higher aco value may remain more
appropriate to estimate the molecular gas mass. We also check
whether this aco value is reasonable given some theoretical
prescriptions (e.g., Bolatto et al. 2013). Bolatto et al. (2013)
indicate that aco could have large variations depending
on metallicity and gas surface density. However, we note
that IZw 1 presents a metallicity of log(O/H) = 8.77 by
adopting the M,—Z relationship obtained for Sloan Digital
Sky Survey galaxies with the Pettini & Pagel (2004)
calibration (Kewley & Ellison 2008), which is close to solar
metallicity. Therefore, we do not expect any significant aco
variation due to high metallicity. We estimate an acq value of
~1.9 M, (K km s~! pc?)~! by solving the aco— e Telation of
Bolatto et al. (2013). This value is consistent with our
dynamical aco value considering the uncertainties.

By adopting this new «co, we estimate a total cold

molecular gas mass at a value of logMHz/MQ =9.94701%

and the gas fraction is f,,, = 0.107543. The value of the gas

fraction is similar to that in inactive star-forming galaxies and
hard-X-ray-selected AGN host galaxies (Shangguan et al.
2020b; Koss et al. 2021), and is smaller than that in local
LIRGs by a factor of ~2 (Larson et al. 2016).

Using our dynamical method, we first investigate the aco
value in this quasar host galaxy, and find that the value of aco
is between that in ULIRGs and in the MW (Bolatto et al. 2013;
Molina et al. 2020). In the remaining part of this work, we
estimate the molecular gas mass by adopting the median

CO-to-H, conversion factor value derived from our best
dynamical model.

5. Discussion
5.1. Distribution of the CO(2-1)-to-CO(1-0) Line Ratio

A COQ2-1)-t0-CO(1-0) line luminosity ratio of Rp; =
0.63 +0.02 is reported in Shangguan et al. (2020a) based on
previous ACA measurements of the total gas content, which is
within the typical range for subthermal CO-excited molecular
gas in galactic disks (R, < 0.8 ; Leroy et al. 2013; Rosolowsky
et al. 2015; Saintonge et al. 2017). Here we report the surface
brightness ratio distribution estimated from the resolved
ALMA images of CO(2-1) and CO(1-0) that are shown in
Section 2. We smooth the CO(2-1) line image with CASA
task imsmooth to match the angular resolution of the
CO(1-0) data. We estimate the surface brightness ratio with
immath within the region where both signal-to-noise ratios
(S/Ns) are larger than 5. The emission-line ratio map is shown
in Figure 6.

The line-intensity ratio is close to 1 within the radius of
~1 kpc in the quasar host galaxy, suggesting that the molecular
gas in the central region is optically thick and thermalized. The
high R,; value in the nuclear region is consistent with the
previous result reported by Staguhn et al. (2004) based on
Berkeley-Illinois Maryland Association and Plateau de Bu
Interferometer observations at a lower angular resolution of
~0"7 for CO(1-0) and of ~0”9 for CO(2—-1) data. A similar
emission-line ratio distribution with a higher value toward the
center is commonly found in nearby spiral galaxies (Braine &
Combes 1992; den Brok et al. 2021; Yajima et al. 2021), local
infrared luminous galaxies (Papadopoulos et al. 2012), and
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Figure 6. Surface brightness ratio between CO(2-1) and CO(1-0) in I Zw 1.
The contour level corresponds to [0.4, 0.6, 0.8, 0.9, 1.0]. The ellipse in the
bottom left represents the beam size of 0761 x 0”52 for the CO(1-0)
observation.

high-redshift galaxies (Carilli & Walter 2013; Daddi et al.
2015).

In the outer disk region, the emission-line ratio is relatively
low (<0.6). It is likely that at larger radii the molecular gas
becomes subthermally excited (Husemann et al. 2017) or has a
lower temperature (Braine & Combes 1992).

5.2. Star Formation Law of the Nuclear Region

We check the Kennicutt—Schmidt (KS) relation (Kenni-
cutt 1998) in the nuclear region of IZw 1 based on the
CO(2-1) line and continuum maps and the new aco value of
~1.5 M, (K km s~! pc?)~! derived from our dynamical model-
ing fitting.

The ALMA continuum image reveals a 1.3 mm continuum
flux density of ~1.1 mJy from the central 30 contour region.
Molina et al. (2023) decomposed the SED of 1ZW 1. They
estimated that the AGN contribution, including the nonthermal
synchrotron emission extrapolated from the radio bands and the
thermal free—free emission, contribute about 28% (~0.30 mJy)
of the ALMA continuum, and the remaining 72% is likely to be
from the thermal dust heated by nuclear star formation. Based
on this decomposition of the ALMA continuum, they
calculated a nuclear SFR of 5.43 M, yr .

The AGN contribution to the millimeter dust continuum
emission could also be estimated and removed based on the
empirical luminosity relations. Kawamuro et al. (2022) present
a relationship between the rest-frame 1.3 mm wave (VL, nm)
and 2-10keV X-ray luminosities (L, 19 key) for AGNs (see
Table 1 in Kawamuro et al. 2022). Based on this relation, and
adopting the 2—-10keV luminosity of IZW 1 from Piconcelli
et al. (2005), we estimate an AGN contribution to the 1.3 mm

continuum flux density of 0.3570:93 mJy. This flux density has

10
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been corrected to the observing frame assuming a millimeter-
wave spectral index of 0.5 (S;3 mmoufo's). This value is
consistent with that derived from the synchrotron and free—free
components in the SED decomposition, considering the large
uncertainty of 0.45 dex of the vL,m—Lr_10xev relation.
Therefore, we adopt the nuclear SFR of 5.43 M. yr ' from
Molina et al. (2023) in the analysis here.

The face-on size of the star-forming region is estimated by
A = S/cosi, where S is the area within the 30 contour region
of the continuum map and i is the inclination angle. Thus, the
mean surface density of the SFR in the nuclear region can be
estimated by Yggg = SFR/A.

We then estimate the mean molecular gas surface density
using the CO(2-1) flux in the aforementioned region. By
assuming R,; following the CO emission-line ratio map
presented in Figure 6, we estimate the CO(1-0) emission-line
flux in this region. Finally, we estimate the gas surface
density with X, = aco X Llco(l_())/A, where aco =
1.5M,(Kkm s !pc?)! is the CO-to-H, conversion factor
and L'coq -0 is the CO(1-0) luminosity in the nuclear region.
We also present an estimation of the molecular gas surface
density by adopting an acq value of 4.3 Mo (K km s~! pc?)~!,
which is a typical value of a MW-like galaxy, for comparison
(Bolatto et al. 2013).

We compare the derived surface densities of the SFR and of
molecular gas mass in the plot of the KS relation in Figure 7.
The mean SFR and molecular gas surface densities in the
nuclear region (filled blue circle) of IZw 1 are comparable to
the typical values of starburst galaxies (open diamonds in
Figure 7; Garcia-Burillo et al. 2012; Kennicutt & De Los
Reyes 2021), and larger than those of normal star-forming
galaxies (open circles in Figure 7; Leroy et al. 2013; de los
Reyes & Kennicutt 2019). We also investigate the surface
densities of the SFR and molecular gas for the central peak
(filled red circle), and find that this data point is located well
within a starburst source region. The gas depletion timescale is
derived using Tgep = Xmo1/Lsrr. We found 74e, ~ 300 Myr,
which is close to that of local starburst systems. We also
present the gas surface densities adopting aco=4.3
MoK kms~'pc?)~!' from Bolatto et al. (2013), which are
shown as filled red and blue stars in Figure 7 and are located
below the KS relation for starburst systems.

We find that this quasar host galaxy has enhanced star-
forming activity in its central <500 pc region. The starburst
activity suggests that AGN feedback plays a minor role in
stopping ongoing star formation, and a positive influence can
also be plausible. Assuming a MW-like aco increases the
molecular gas surface density significantly, while the data
points are still close to a ULIRG-like KS relation, and are still
well above the KS relation for local star-forming galaxies
(Figure 7). Nuclear starbursts have also been found in other
low-z quasars (Cresci et al. 2004; Schweitzer et al. 2006;
Romeo & Fathi 2016; Molina et al. 2023).

5.3. Does an AGN Perturb the Cold Molecular Gas?

We measure an intrinsically large velocity dispersion in the
galactic nucleus from our kinematic analysis in Section 3.2,
which is 3 ~ 4 times higher than the values measured in the
outer region with radii >0.8 kpc. Such a large velocity
dispersion indicates that the molecular gas in this central
1 kpc region has a large turbulent energy. There are several
possible mechanisms that may contribute to this turbulent ISM.
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Figure 7. The surface density of molecular gas vs. surface density of the SFR
in the nuclear of I Zw 1. The open markers represent star-forming galaxies
(circles; de los Reyes & Kennicutt 2019) and starburst galaxies (diamonds;
Kennicutt & De Los Reyes 2021) in the local universe. The orange and purple
solid lines represent the KS law for local star-forming and starburst galaxies (de
los Reyes & Kennicutt 2019; Kennicutt & De Los Reyes 2021), whose
surrounding shaded region represents scatter on an order of ~0.3 dex. The
filled red point shows the mean surface density measured within the 30 contour
region of the continuum map (Figure 4), while the filled blue point gives the
peak values of the molecular gas and SFR surface densities measured within
the central beam. The filled stars represent the gas surface density if a MW-like
aco is adopted. The dotted lines show the trends with gas depetion timescales
Taep = 10 Myr, 100 Myr, and 1 Gyr.

This large velocity dispersion might be related to the high gas
surface density, since the ISM turbulent pressure (Pisyy) should
be in equilibrium with the weight V) of the ISM (Sun et al.
2020; Ostriker & Kim 2022). The enormous energy released by
a central AGN could also perturb the ISM. The central starburst
may also enhance the gas velocity dispersion by means of
stellar feedback. To check whether such large velocity
dispersion originates from the AGN and stellar feedback, we
try to identify whether there is an excess in the ISM turbulent
pressure (Pisyv), comparing to the weight (V) of the ISM. Any
excess ISM turbulent pressure should represent the energy
released by a central AGN or starburst.

The weight of the ISM can be expressed as follows (Ostriker
& Kim 2022):

(N

The first term is the weight due to the self-gravity of the
ISM’s disk (Spitzer 1942; Elmegreen 1989). Here the surface
density of the ISM should have at least two components in
principle, i.e., ¥; = Yy, + Xy;. However, we note that the
atomic gas is negligible in the galaxy center. Therefore we
replace Y, with Xy, in the remaining context. The second term
is the weight of the ISM due to external gravity, including the
stellar component and dark matter halo. The numerical value of
¢ depends on, but not sensitively to, the geometric distribution
of the gas disk, and thus can be assumed as a constant of ~a
third (see Equation (6) of Ostriker et al. 2010), and pyq is the
external density. In the galaxy center where the external

W = 1GS;/2 + 4n(yGEgpyhe.
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gravitational potential is dominated by the stellar bulge, py
could be estimated using the bulge mass density of p,. This
term also accounts for the half-thickness of the gas disk, h,,
whose typical value is about 100—200 pc (Wilson et al. 2019).

The ISM turbulent pressure at the midplane is defined by the
difference in the total vertical momentum flux across the gas
layer, and thus can be expressed as

by
mw:ﬁmﬁa+a+ngféu+a+m,<&
g

where oy is the velocity dispersion of molecular gas and can be
measured from the CO emission line. The parameters o ~ 0.3
and $=0.0 are the factors accounting for vertical-magnetic
and cosmic-ray pressures’ contributions (Kim & Ostriker 2015;
Wilson et al. 2019).

As was pointed out in Ostriker & Kim (2022), the vertical
hydrostatic equilibrium dictates that the ISM weight V¥ must be
equal to the ISM turbulent pressure Prgp:

W = Pism 9)

We examine the relationship between the ISM turbulent
pressure and the weight of the ISM in this quasar host galaxy,
pixel-by-pixel. We estimate the pixel-wise velocity dispersion
using the following methods. In the first step, we generate a
moment 2 map by applying a blanking mask using the Python
package maskmoment.” The mask was created by starting at
5o peaks in the cube and expanding down to the surrounding
20 contour. The final moment maps are referred to as “dilated-
mask” moment maps in Bolatto et al. (2017). Such a dilated
moment 2 map can simultaneously capture low-level signal and
avoid noise, and can well reproduce the observed velocity
dispersion. In the second step, we build a rotating disk model
using *PBarolo to simulate the velocity dispersion that is solely
caused by the beam-smearing effect. The model has the same
CO(2-1) line intensity and rotation velocity as that from the
IZw 1 CO(2-1) data (Section 3.2), but the velocity dispersion
of the model is set to be zero. Then the model is convolved
with the synthesized beam of the IZw 1 CO(2-1) data. We
generate a simulated velocity dispersion from this model with a
20 cutoff threshold. This simulated velocity dispersion is then
removed from the dilated moment 2 map in quadrature to
generate the intrinsic o, map (Levy et al. 2018).

Based on the line ratio map discussed in Section 5.1, we
estimate the CO(1-0) line surface brightness assuming
R,y =09 at R<0.8kpc and R,; =0.62 at R>0.8kpc
(Shangguan et al. 2020a). We then estimate the molecular
gas mass by adopting cco = 1.55 M, (K km s~! pc?)~! from
the dynamical modeling as shown in Section 4.3. The pyq is
estimated from dynamical modeling and follows Equation (5).
We estimate these two pressures by assuming a constant gas
disk scale height of h, = 150 pc, which is a typical value of
nearby ULIRG and starburst systems (Wilson et al. 2019;
Molina et al. 2020). The relations between Py and WV are
plotted in Figure 8. We manually separate pixels into four
groups depending on their radii: (i) R<04 kpc, (i)
0.4kpc <R<0.8kpc, (iii) 0.8kpc<R<2.1kpc, and (4)
R>2.1 kpc. We do not include data from group (iv) as the
S/N of the CO(2-1) line in this region is too low. Also, we
avoid presenting the data points from group (i) due to severe
beam-smearing effect.

° hitps: //github.com/tonywong94 /maskmoment
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Figure 8. The ISM turbulent pressure (Pisy) as a function of ISM weight V).
Data points represent pixels in the CO(2-1) map and are color-coded by the
distance between pixels and the center of this galaxy, respectively. The open
squares and circles represent the mean ISM turbulent pressure of each ISM
weight bin, and denote data points in group (ii) and group (iii) as described in
Section 5.3. The gray shaded region represents the lower limits of both
pressures by considering the CO(2-1) detection limits. The dashed line denotes
equality. The blue dashed—dotted lines represent the best-fitting power-law
results. The typical uncertainty is plotted in the lower-right corner. This
uncertainty is dominated by aco, which is ~0.2 dex.

Figure 8 shows the relationship between Pigv and W,
spanning three orders of magnitude. The color of each data
point represents the distance between each pixel and the galaxy
center. In order to highlight the difference in groups (ii) and
(iii), we calculate the mean and scatter trends for each group in
0.2 dex wide bins of fixed ISM weight.

We fit the relation between Py and WV in logarithmic space
using the Python package 1inmix (Kelly 2007). This yields
the best-fitting power-law relations (blue dashed—dotted line in
Figure 8):

Pism +0.58
log| ——— | =(-0.38"
(kB < cm‘3) ( 056)

w
+ (1.05700%) log| ——— |
( 0.07) log i Kom™

The best-fitting result is consistent with the equality relation
(black dashed line in Figure 8) considering the uncertainty.
This result suggests that the origin of the high turbulent energy
of the cold molecular gas (with o~ 100 km sfl) can be
explained by the self-gravity of the galaxy alone.

5.4. The Lack of Negative AGN Feedback

The ALMA CO(2-1) image reveals that the molecular gas in
the host galaxy of IZw 1 is centrally concentrated with a high
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surface density in the central 1 kpc region where intense star
formation is taking place. This result is contradictory to the
scenario in which AGN feedback can efficiently blow out the
star-forming gas from the nuclear region and results in
depletion of cold gas in the galaxy center (Rupke &
Veilleux 2011; Ellison et al. 2021). In addition, there is no
evidence of AGN-driven outflow in the nuclear region like
other AGN host galaxies (e.g., Feruglio et al. 2020). As an
alternative, we find an enhancement of gas velocity dispersion
in the nuclear region, which indicates that the nuclear gas is
dynamically hot compared with gas in the CND. However, we
find that the ISM turbulent pressure is in equilibrium with the
weight of the ISM, suggesting that the kinematics of molecular
gas could be regulated by the host galaxy’s self-gravity. A large
velocity dispersion is naturally required to satisfy the
hydrostatic equilibrium. There is no external energy budgets/
pressure, e.g., from AGN feedback, that is expelling the cold
gas from the galaxy center.

Thus far, Shangguan et al. (2020a) have reported that [ Zw 1
is a CO luminous system and there is no evidence of galactic-
scale molecular gas outflows. Lamperti et al. (2022) also report
nondetection of molecular gas outflow from this object based
on the ALMA high-resolution CO(2-1) data. Molina et al.
(2021) found that the molecular gas in this galaxy is centrally
concentrated, and rotating in a disk with negligible noncircular
motions. Moreover, the continuum map reveals a centrally
enhanced star formation (see also Molina et al. 2023), which
also argues against the suppression of star formation from AGN
feedback. From our kinematic and dynamical analysis, we find
no evidence of AGN-driven outflow or an external gas energy
budget. In addition, ionized gas components with high-velocity
dispersions have been detected in some nearby quasar host
galaxies from recent optical IFU data (Husemann et al. 2019;
Singha et al. 2022). However, Molina et al. (2022) report that
the kinetic energy of these gas components with high-velocity
dispersions is only <0.1% of the AGN bolometric luminosities.
This suggests that only a negligible percentage of the AGN
power is coupled to the ISM. All these results suggest a lack of
negative AGN feedback to the cold molecular gas and star
formation in the quasar host galaxy.

6. Conclusions

We present a study of the CO(2-1) line emission in the
nuclear region of IZw 1 based on ALMA observations. A
combination of all available data from the ALMA archive
resolves the CO source on a 07”36 scale with a spectral
sensitivity of 0.28 mJy beam ™' per channel. In the central 1 kpc
region, molecular gas forms a high-density bar-like structure
that has a different position angle compared to that of the
main disk.

1. With 3PBarolo fitting, we obtain the intrinsic rotation
velocity and velocity dispersion as a function of radius.
This galaxy is a rotation-dominated system, similar to
other star-forming galaxies in the local universe. The
mean rotation velocity to dispersion ratio is about 9,
which suggests that the molecular gas forms a cold disk.
Meanwhile, the fitting results from the 3PBarolo model
suggest an enhancement of velocity dispersion in the
central subkiloparsec-scale region. We check the velocity
field carefully and find that the pure beam-smearing effect
cannot lead to such a large velocity dispersion. The
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velocity dispersion of the molecular gas in the central
region of the nuclear disk is intrinsically ~3 times higher
compared to that in the disk region.

2. The map of the emission-line ratio between the two CO
emission lines represents a clear gradient of R, along the
radius. The central value is close to the theoretical
prediction under the assumption of thermalized, optically
thick ISM conditions. In contrast, the main CND has
relatively lower values.

3. We fit the rotation curve of the molecular gas disk and
constrain the mass budget of the quasar host galaxy using a
dynamical model. We take into account the constraints on
gas distribution from the ALMA CO data and stellar mor-
phology /mass from the HST imaging, and fit the CO-to-H,
conversion factor. We find a best-fit aco = 1.55740 M,
(Kkms ™ pc 2)~! which is between a ULIRG-like and
MW-like aco value aco urirs ~ 0.8 Mo (K km s~! pe?)~1,
acomw ~ 4.3 My (K km s~! pc?)~1.

4. We check the SFR and molecular gas surface densities in
the central region, finding that the star formation activity
follows the KS relation of local starburst galaxies, which
suggests nuclear starburst activity.

5. By comparing the ISM turbulent pressure (Pisy) and the
weight of the ISM (WV), we find these two parameters are
almost equal to each other. The ISM turbulent pressure is
in equilibrium with the galaxy’s gravity, which suggests
molecular gas in this galaxy is regulated by its self-
gravity and there is no external energy budget that is
expelling the cold gas. This result indicates that the
central AGN, though luminous in the optical, is unlikely
to be introducing extra pressure to the molecular gas in
the nuclear region.

We acknowledge support from the National Science Founda-
tion of China (grant Nos. 11991052, 11721303, 12173002,
12011540375) and the China Manned Space Project (CMS-
CSST-2021-A04, CMS-CSST-2021-A06); ANID grant No. PIA
ACT172033 (E.T.), Basal-CATA PFB-062007 and AFB170002
grants (E.T., FE.B.), FONDECYT Regular 1160999, 1190818
(E.T., FEB.), and 1200495 (E.T., F.E.B.), and the Millennium
Science Initiative ICN12_009 (F.E.B.). This paper makes use of
the following ALMA data: ADS/JAO.ALMA#2015.1.01147.S,
#2017.1.00297.S, #2018.1.00006.S, #2018.1.00699.S. ALMA
is a partnership of ESO (representing its member states), NSF
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(USA) and NINS (Japan), together with NRC (Canada), MOST
and ASIAA (Taiwan), and KASI (Republic of Korea), in
cooperation with the Republic of Chile. The Joint ALMA
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Software: astropy (Astropy Collaboration et al. 2013);
CASA (McMullin et al. 2007); emcee (Foreman-Mackey
et al. 2013); numpy (van der Walt et al. 2011); scipy (Virtanen
et al. 2020).

Appendix A
Testing the Gas Velocity Dispersion with Simulated Data

We build a mock observational data cube to test whether
*PBarolo is able to reproduce the intrinsic gas velocity
dispersion with the reduction of the beam-smearing effect.
We build a rotating disk model with the *"Barolo galmod
task. The model has the same CO(2-1) line intensity and
rotation velocity as that from the 1Zw1 CO(2-1) data.
However, the model has a constant velocity dispersion
(0 =30kms ') along all radii. We then simulate the visibility
data with CASA task simobserve, and image and clean this
simulated visibility using the same procedure outlined in
Section 2. We adjust the total integration time and ALMA
configuration to obtain a similar S/N and angular resolution
(the angular resolution of mock observation is 0733 x 0730).
We then use *PBarolo to fit the simulated data cube, and the
results are shown in Figure 9. We can see that, if a gaseous
rotating disk has a constant velocity dispersion with a value of
30kms ' along all radii, the beam-smearing effect can boost
the velocity dispersion by up to ~60 km s~ in its center. With
3PBarolo analysis, although we cannot completely reduce the
beam-smearing effect, the velocity dispersion has an error of
<30% in the central region (R < 1kpc). This result indicates
that the centrally enhanced gas velocity dispersion
(0> 100kms ") that is found in the host galaxy of 1Zw 1
may not be solely produced by the beam-smearing effect.
Molecular gas in the center of this galaxy should have a very
large velocity dispersion (o> 100kms™') intrinsically. We
also find that the velocity dispersion decreases at a large radius.
This result is caused by the decreasing S/N of the simulated
CO emission at the disk edge.
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Figure 9. Panels (a), (b), and (c) show the velocity-integrated intensity map, the flux-weighted line-of-sight velocity map, and the velocity dispersion map of simulated
data, respectively. The synthesized beam is shown as a gray ellipse in the bottom-left corner of each panel. The scale bar is shown in the bottom-right corner of each
panel. Contours are the same as those in Figure 1. Panel (d) represents the velocity dispersion extracted from the mock observation through **Barolo. The red curve
represents the best-fitting velocity dispersion from *PBarolo, and the red shaded region represents the uncertainties. The horizontal line represents the input velocity
dispersion of the simulated data. The synthesized beam (0”33 x 0730) is plotted in the lower-left corner of first three panels.

Appendix B
Dynamical Models with Different Prior Constraints

In this section, we try to fit the masses of the stellar bulge
and stellar disk, and the CO-to-H, conversion factor by
optimizing different prior constraints. In order to determine the
degeneracy of the different components and different initial
guesses of the parameters, we consider four main situations
with a total of nine cases:

A. We set acp as a free parameter in the fitting and limit the
stellar mass within the lower and upper limits of the
stellar mass estimate (Zhao et al. 2021).

. We set stellar mass as a free parameter and constrain the
fitting range of aco.

. We try to fit M,, M, and aco simultaneously with larger
parameter spaces, thus those parameters are free.

. We fit M,,, M, and aco without applying the asymmetric
drift correction, to evaluate how significant the pressure
gradient support against self-gravity is in this object.

In each case, r.p, 1, 7oy, fi, and ¢ share the similar prior
constraints (see Table 3). In case A.1, we assume Gaussian
priors for log(M,/M) with a centered value adopted from
Zhao et al. (2021) and a standard deviation of 0.5. In case A.2,
the adopted Gaussian prior is similar to that in case A.2, while
the standard deviation is 3 times larger. In case A.3, we fix the
mass of each stellar component and study the aco value. In
case B.1, we assume a Gaussian prior for aco with a standard
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deviation of 1 that is centered on the MW-like aco value,
and we bound each stellar component mass within
log(My/M.) € [8, 15]. In case B.2, we fix the aco value to
that of the MW and fit the stellar mass. In the case of C, we
only bound the stellar mass and keep aco without any further
prior assumption, e.g., a Gaussian distribution. In the case of D,
we bound the stellar mass and aco, but fit the rotation
velocities without the asymmetric drift correction. All nine case
conditions and their fitting results are listed in Table 4. We also
provide the posterior distributions of eight cases in Figure 10.
We find that the aco value in case D is relatively smaller
than those in cases A and C by a factor of ~0.75, which
indicates the effect of asymmetric drift correction. We also find
that in case A.3, when we fix stellar mass, aco has an
extremely low value that is immoderate. Further, in case B, if
we adopt a MW-like value, the rotation velocity is dominated
by molecular gas components. This case leaves very little room
for the stellar bulge in the central region. The stellar bulge mass
is less than 10 percent of the value derived from the stellar
continuum image. This also results in a large stellar disk mass
of 10" M, to account for the rotation velocity in the outer part.
This result requires a mass-to-light ratio that is different from
the values adopted in Zhao et al. (2021), based on the B- and I-
band colors. Thus, the MW «aco value in case B is unlikely to
be a good assumption. Cases A.1 and A.2, with a much lower
aco value, present a more reasonable fitting for both the gas
and stellar masses. As a consequence, we find that a ULIRG-
like value for ao is reasonable in this quasar host galaxy.
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Table 4
Constraints and Results of Dynamical Parameters

Cases Prior Posterior

log M, log My Qco log M, log My Qco

M) M) [Ms (Kkm s pc?)'] M) M) (Mo (Kkm s~ pc?)™']
Al (10.5, 11.5) 10.1, 11.1) (0, 20) 10.7143:08 10.60°9% 1504044
A2 9.5, 12.5) 9.1, 12.1) (0, 20) 10.70109% 10.467083 155504
A3 10.96 10.64 (0, 20) 10.96 10.64 0.0470%8
B.1 (8, 15) (8, 15) 43+1.0 105394 11054038 2281508
B.2 8, 15) 8, 15) 434 9.73+0:%¢ 1163791} 434
C (8, 15) (8, 15) (0, 20) 10.734593 9.9719% 1447044
D.1 (10.5, 11.5) 10.1, 11.1) (0, 20) 10.72+992 10.58793% 1217349
D.2 (9.5, 12.5) ©.1, 12.1) (0, 20) 1074799 10.1749%7 1124033
D.3 (8, 15) (8, 15) (0, 20) 10742988 9.8879%3 113504

Note. Prior constraints and posterior results of fitting. The uniform prior limits of the parameters are denoted as “(lower, upper).” The Gaussian priors of the
parameters are denoted as & 0. The fixed prior parameters are denoted as an individual number. The other parameters, 7.4, 1, 7. 4, fx, and ¢, have the same prior

distribution with their values adjusted as in Section 4.3.
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Figure 10. The posterior distribution function of aco of eight cases that have
different prior constraints. The vertical lines represent the median values of the
o distribution, which are also shown in Table 4.
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